Climate change may impact soil health and productivity as a result of accelerated or decelerated rates of erosion. Previous studies suggest a greater risk of wind erosion on arid and semi-arid lands due to loss of biomass under a future warmer climate. There have been no studies conducted to assess the impact of climate change on wind erosion in the Columbia Plateau of the Pacific Northwest United States where wind erosion of agricultural lands can cause exceedance of national air quality standards. The Wind Erosion Prediction System (WEPS) was used to assess wind erosion and PM10 (particulate matter r10 mm in aerodynamic diameter) emissions under a future climate projected by downscaling 18 Global Climate Models (GCM) for a conservative emissions pathway. Wind erosion simulations were conducted at Lacrosse and Lind, WA and Moro, OR on a winter wheat-summer fallow (WW-SF) rotation and at Lind on an additional winter wheat-camelina-summer fallow (WW-Cam-SF) rotation. Each rotation was subject to conservation or conventional tillage practices for a baseline and mid-21st century climate . A significant increase in temperature and nominal increases in precipitation were projected by an ensemble of climate models for the Columbia Plateau by the mid-21st century. Soil and PM10 losses were 25-84% lower for a mid-21st century climate, due in part to greater biomass production associated with CO 2 fertilization and warmer temperatures. The reduction in soil and PM10 loss is projected to be more apparent for conservation tillage practices in the future. Soil and PM10 losses were greater from a WW-Cam-SF rotation than WW-SF rotation when conservation tillage practices were employed during the fallow phase of the rotations. Despite accounting for differences in the length of each rotation, annual soil and PM10 losses remained higher for the WW-Cam-SF rotation than the WW-SF rotation. Soil and PM10 losses were more variable across years during 1970-1999 than 2035-2064; however, small and inconsistent differences in the coefficient of variation in soil loss between 1970-1999 and 2035-2064 suggest similarity in climate extremes which govern wind erosion.
Introduction
An increase in atmospheric concentrations of greenhouse gases and expected accompanying changes in temperature and precipitation may affect ecosystem health and human activities in the future. Indeed, the current function and structure of ecosystems may be unable to adapt in the 21st century as a result of changes in climate, land use, and exploitation of resources (IPCC, 2007) . Human activities will be impacted by rising sea levels and coastal erosion and in areas where biological, geological, and hydrological resources are most sensitive to climate change or extreme weather events. Changes in hydrology could impact human activities in regions where freshwater supplies are continually replenished by ice and snow melt. These freshwater supplies are vulnerable owing to the rapid decline in number and size of glaciers worldwide (World Glacier Monitoring Service, 2008) .
Climate change may also impact soil health and productivity. Wind erosion is of concern in arid and semi-arid regions of the world and escalates during drier years (Hagen and Woodruff, 1973) . The impact of climate change on wind erosion, however, is difficult to assess owing to the complexity of predicting changes in climate, soil properties, and surface characteristics that govern erosion. Changes in temperature and precipitation can directly affect soil water content and crop production. For example, higher temperatures or lower precipitation can result in drier soils and limit crop production. Agricultural soils which are drier or more exposed, as a result of lower crop residue cover, are more prone to wind erosion (Fryrear, 1985; Sharratt et al., 2013 associated with a changing climate are also of fundamental importance in assessing the impact of climate change on wind erosion. Yet, near-surface wind speeds are very difficult to model under a changing climate due to the limitations of regional climate models (Goyette et al., 2003) , scaling (Pryor et al., 2006) , and available data (Pryor et al., 2009) . Advances in our understanding and simulation of the earth-atmosphere system in response to human activities or natural events and of dynamic changes in soil properties and surface characteristics caused by man or naturally will aid in assessing the impact of climate change on wind erosion.
Several studies have assessed the impact of climate change on wind erosion around the world. In Asia, Gao et al. (2002) predict that wind erosion of grassland will increase by about 25% as temperatures increase by 2°C. They further predict that the increase in annual wind erosion will likely be more pronounced in the western part of Yijinhuoluo County in Inner Mongolia of China due to the soils being sandier in the western than eastern part of the County. In Australia, Liddicoat et al. (2012) predict greater risk for wind erosion of agricultural lands based upon a 5-20% reduction in precipitation, increase in CO 2 concentration from 390 to 480 ppm, and 1.5°C increase in temperature by 2030 compared to the present climate. The greater risk of erosion was associated with the loss of critical biomass cover on an additional 335,000 (5% of arable land), 439,000 (6% of arable land), and 997,000 ha (15% of arable land) in response to a respective 5%, 10% or 20% reduction in precipitation across South Australia. Ashkenazy et al. (2011) also report a greater potential for drift of sand dunes in the Australian deserts by the mid-to late-21st century compared to the present due to lower precipitation and loss of vegetative cover under a changing climate. In Canada, Lemmen et al. (1997) used peleoenvironmental indicators to assess the response of eolian systems to climate. Based upon that response, they suggest enhanced wind erosion activity under a future warmer climate in the southern Canadian Prairies. In Europe, Böhner et al. (2004) used the Wind Erosion on European Light Soils (WEELS) model to assess the impact of climate change on wind erosion. They predict, from past climate anomalies in England, extended periods of erosion at the time of sowing spring crops in the future. The European Environment Agency (2012) also report that increased aridity and occurrence of extreme wind speeds will enhance wind erosion of fine-texture soils, particularly across central Europe. In the United States, Lee et al. (1996) predict an increase in wind erosion of cropland in the future. Wind erosion is estimated to increase by about 10-15% under higher atmospheric CO 2 concentrations (350 versus 625 ppm) and a warmer (2°C higher air temperature) and wetter or drier (10% higher or lower precipitation) climate across the Corn Belt. In a later study, Lee et al. (1999) predicted wind erosion will increase four-fold at many locations across the Corn Belt under a future climate in which there was no change in temperature, precipitation or CO 2 , but wind speeds were 20% higher as compared with the current climate. Likewise, Munson et al. (2011) projected an increase in dust storm activity as a result of enhanced aridity and loss of vegetation cover from grasslands in the Colorado Plateau of the southwestern United States.
There have been no studies conducted to assess the impact of climate change on wind erosion in the Columbia Plateau of the Pacific Northwest United States. Yet, air quality in this region is affected by wind erosion of agricultural lands. Wind erosion is a concern on approximately 2.5 million ha managed in a winter wheat-summer fallow (WW-SF) rotation. The soil is very susceptible to erosion during the fallow phase of the rotation because tillage-based summer fallow degrades aggregates and reduces biomass cover (Sharratt et al., 2012) . Tillage-based fallow, however, is the most economical method of managing soils, especially in the low precipitation zone of the Columbia Plateau (Schillinger and Young, 2004) . Nearly all exceedances of the PM10 National Ambient Air Quality Standard are due to windblown dust emanating from agricultural lands (Sharratt and Lauer, 2006) . Despite the lack of information on the effect of climate change on wind erosion, Thomson et al. (2002) predict an increase in winter wheat yield of 25-60% throughout the Columbia Plateau in response to a future CO 2 concentration of 560 ppm and a warmer and wetter climate. Similarly, Stöckle et al. (2009) also predict an increase in winter wheat yield in the region due to CO2 fertilization and higher temperatures, the latter which promotes earlier maturity to avoid late season water stress. They predict an increase in wheat yield of 20% by 2040 and 30% by 2080 based upon future CO 2 concentrations of 600 ppm and a warmer and wetter climate. The predicted increase in biomass production associated with climate change may enhance biomass cover during the fallow phase of the rotation and reduce the risk of wind erosion in the region.
No definitive studies have been conducted to ascertain the impact of climate change on wind erosion in the Columbia Plateau region of the Pacific Northwest United States. The purpose of this study is to assess wind erosion and PM10 emissions from agricultural lands under a changing climate in the region.
Materials and methods
The WEPS was used to assess wind erosion and PM10 emissions under future climate scenarios. The model was developed for conservation planning and assessing annual soil loss from agricultural lands in the United States (Hagen, 1991) and has been used extensively in research around the world (Buschiazzo and Zobeck, 2008; Chen et al., 2014; Coen et al., 2004; Feng and Sharratt, 2007; Maurer and Gerke, 2011) . The model simulates changes in crop and soil surface characteristics as well as soil physical and hydrologic properties in response to weather and field operations on a daily basis. The model is comprised of seven submodels: crop growth, residue decomposition, erosion, hydrology, management, soil, and weather. The crop and decomposition submodels simulate plant growth and residue decomposition, the erosion submodel simulates wind erosion, the hydrology submodel simulates changes in soil water content, the management submodel simulates changes in soil properties caused by farming operations, the soil submodel simulates changes in soil properties caused by natural processes, and the weather submodel simulates precipitation, radiation, temperature, and wind characteristics to drive processes in other submodels.
Region of interest
The WEPS was used to simulate the impact of climate change on wind erosion in the low (o 300 mm annually) and intermediate (300-380 mm annually) precipitation zones of the Columbia Plateau. There are 1.5 million ha in the low precipitation zone and 1 million ha in the intermediate precipitation zone utilized for dryland agricultural production. A WW-SF rotation is the conventional rotation used in both precipitation zones (Schillinger et al., 2006) . Simulations were carried out at Lind, WA and Moro, OR in the low precipitation zone and at Lacrosse, WA in the intermediate precipitation zone (Fig. 1) . These locations were chosen based upon availability of winter wheat yield data collected by Oregon State University and Washington State University as well as representing dryland agriculture in the southwestern, central, and eastern part of the Columbia Plateau. Selected characteristics at each location are given in Table 1 .
Models
Simulation of wind erosion was carried out over two 30-year periods, representative of historical baseline climate and mid-21st century climate . These periods approximately represent those used by Thomson et al. (2002) and Stöckle et al. (2009) in simulating the impact of climate change on yield of winter wheat in the Columbia Plateau.
Climate
The WEPS requires input of daily maximum and minimum air temperature, relative humidity, solar radiation, and precipitation to simulate erosion. These inputs are used in the crop growth, residue decomposition, hydrology, management, soil, and weather submodels. Daily weather data were obtained from 18 Global Climate Models (GCM); those models included bcc-csm1-1, bcccsm1-1-m, BNU-ESM, CanESM2, CNRM-CM5, CSIRO-Mk3-6-0, GFDL-ESM2G, GFDL-ESM2M, HadGEM2-CC365, HadGEM2-ES365, inmcm4, IPSL-CM5A-LR, IPSL-CM5A-MR, IPSL-CM5B-LR, MIROC5, MIROC-ESM, MIROC-ESM-CHEM, and MRI-CGCM3. These models participated in the fifth phase of the Climate Model Intercomparison Project (Taylor et al., 2012) .
We use an ensemble approach for climate change impact assessment following the guidelines of Mote et al. (2011) as they consider intermodel variability of projected changes as a means of accounting for model uncertainty. These models were evaluated against observations across the northwestern United States using monthly temperature and precipitation data (Rupp et al., 2013) . Daily GCM weather simulations that include wind speed, however, have not been evaluated in the region. Daily surface meteorological data at Lacrosse and Lind, WA and Moro, OR were obtained using co-located voxels from the 4-km gridded surface meteorological database of Abatzoglou (2013) . These data included maximum and minimum air temperature, relative humidity, precipitation, shortwave radiation, and wind speed and have demonstrated skill in capturing in-situ observations across the study area. The use of gridded weather data at such spatial (4 km) and temporal resolutions (daily) may be unable to capture true local-scale variations that arise across a landscape at sub-grid scale resolutions. However, we use these data to overcome many limitations of station observations that often have missing or poor quality data and may be affected by station siting including vegetation, infrastructure (e.g. urbanization) and topography. Daily surface meteorological data were then used in tandem with daily output from GCM's to statistically downscale coarse resolution fields to the 4-km grid using the Multivariate Adapted Constructed Analogs method (Abatzoglou and Brown, 2012) . Downscaling was performed for GCM simulations using both historical and future forcings at a Representative Concentration Pathway 4.5. Statistical downscaling has many limitations, but was preferred over using regional climate models (RCM) due to the limited availability of RCM runs that restrict ensemble analysis and potential biases in RCM output that inhibit direct application for additional modeling. In addition, downscaling of GCM weather data typically underestimates the occurrence of extreme events.
The WEPS also requires input of hourly wind speed and daily wind direction to simulate wind erosion with the erosion submodel. Since hourly wind speed and daily wind direction were not estimated by the GCM's, hourly wind speed and direction were generated using the weather simulator "WINDGEN" in WEPS. WINDGEN stochastically simulates hourly wind speed distributions with a daily maximum and minimum as well as a wind direction for the day that reflect historic wind distributions. These wind speed distributions were adjusted to give the same mean daily wind speeds obtained from the GCM's. Further details concerning the simulation of hourly wind speed and daily wind direction using WINDGEN can be found in van Donk et al. (2005) .
Wind erosion
Although there is a lack of historic data to validate the performance of WEPS in simulating annual soil loss in the Columbia Plateau, Feng and Sharratt (2007) found an acceptable level of performance in using WEPS to simulate soil and PM10 loss during singular high wind events in eastern Washington. An acceptable level of performance in using WEPS to simulate erosion was also found in Argentina (Buschiazzo and Zobeck, 2008) , Germany (Funk et al., 2004) , and other regions of the United States (Hagen, 2004) . These observations provided confidence in using WEPS to simulate erosion for historic and future climates.
The WEPS simulates erosion at field scales. Our simulations were performed on a rectangular field having a typical dimension of 1610 Â 805 m 2 (about 130 ha) with the longer dimension oriented north-south and in the direction of field tillage operations and perpendicular to the prevailing winds. The field dimensions ensured attainment of transport capacity for estimating PM10 and Table 2 . Wind erosion was simulated for a WW-SF rotation using both conventional and conservation tillage practices at the three locations as well as for a winter wheat-camelinasummer fallow (WW-Cam-SF) rotation using conservation tillage at Lind, WA. The WW-Cam-SF rotation was of interest due to recent attempts at incorporating biofuel crops into the conventional WW-SF rotation (Wysocki et al., 2013) . Briefly, conventional tillage includes sweeping or disking in August after harvest of wheat and the following spring and then rodweeding during the summer months prior to sowing wheat in early to mid-September. Conservation tillage includes applying herbicides to control weeds after harvest of wheat and prior to using an undercutter in the spring and then rodweeding twice during summer prior to sowing wheat. Conventional and conservation field operations performed in WW-SF rotations are outlined by Schillinger et al. (2006) whereas conservation field operations performed in WW-Cam-SF rotations are outlined by Sharratt and Schillinger (2014 
Results and discussion
Climate data generated by the 18 GCM's were used in our analysis of the impact of climate change on wind erosion. Our analysis was not restricted to a subset of these GCM's used by the IPCC (2013), even though significant biases exist among these models. Mote et al. (2011) recommended using projections from an ensemble of GCM's for characterizing the future climate. Therefore, wind erosion simulations based upon climate data from each of the 18 models were used to assess the potential variability of the future climate and the impact of climate change on wind erosion.
An ensemble of 18 GCM's suggest a warmer climate throughout the Columbia Plateau of the Inland Pacific Northwest United States during 2035-2064 than 1970-1999 (Fig. 2) . Air temperatures are higher throughout the year during 2035-2064 with the greatest change occurring during summer and winter. These models also project a slightly wetter climate throughout the Columbia Plateau during 2035-2064 than 1970-1999 (Fig. 3) . Annual precipitation is projected to be higher during 2035-2064 with winters being wetter and summers being drier compared to 1970-1999. A small or negligible reduction is projected to occur in wind speed across the Columbia Plateau in the future (Fig. 4) . For the three locations considered in this study, annual air temperature is projected to be Z2°C higher in 2035-2064 than 1970-1999 based upon an ensemble of the 18 GCM's (Table 3) . Seasonal temperature changes are projected to be highest during summer (2.5°C) and lowest during autumn and spring (about 2°C). Annual precipitation at the three locations is projected to be about 5% greater in 2035-2064 than 1970-1999 . Autumn, winter, and spring are likely to be wetter and summer drier in 2035-2064 at each location. A small reduction in seasonal wind speed is projected for the three locations. The reduction in wind speed is projected to occur primarily during summer at Lacrosse and Lind, WA and during autumn at Moro, OR. Seasonal wind speeds are projected to be lower by 1.1-2.1% at Lacrosse, WA; 1.3-2.5% at Lind, WA; and 1.2-2.1% at Moro, OR during 2035 -2064 than 1970 -1999 Future projections of climate varied across the 18 GCM's (data not shown). For example, although all models projected an increase in annual air temperature at the three locations from 1970- 1999 to 2035-2064, the increase in air temperature was 43.0°C using the MIROC-ESM-CHEM model and o1.1°C using the GFDL-ESM2M and inmcm4 models. The largest increase in air temperature projected by the MIROC-ESM-CHEM model occurred in spring (3.6°C) at Lacrosse and Lind, WA and in summer (3.8°C) at Moro, OR while the largest increase in air temperature projected by the GFDL-ESM2M and inmcm4 models occurred respectively in spring (1.0-1.6°C) and summer (1.3-1.4°C) across the three locations. The 18 GCM's varied greatly in projecting change in annual precipitation from 1970-1999 to 2035-2064. While most GCM's projected an increase in precipitation, the ISPL-CM5A-LR, ISPL-CM5A-MR, MIROC-ESM, and MIROC-ESM-CHEM models projected a decrease in precipitation at one or more locations. The MIROC-ESM-CHEM model projected the greatest decrease in precipitation (6 mm at Lacrosse, WA; 8 mm at Lind, WA; and 28 mm at Moro, OR). In contrast, the greatest increase in precipitation was projected by the GFDL-ESM2G model at Lacrosse (49 mm) and Lind, WA (34 mm) and by the ISPL-CM5B-LR model at Moro, OR (32 mm). Most GCM's projected a small decrease (o2%) in annual wind speed from 1970-1999 to 2035-2064. In fact, 13 and 14 GCM's projected a decrease in wind speed at respectively Lacrosse, WA and Lind, WA and Moro, OR. The MIROC-ESM-CHEM model projected the most significant decrease in wind speed at the three locations (12% at Lacrosse and Lind, WA and 7% at Moro, OR). Of the GCM's that projected an increase in annual wind speed, the bcc-csm1-1 and CNRM-CM5 models projected a o1% increase in wind speed across the three locations. Specific GCM's also exhibited unique climatic features common across the three locations. For example, the MIROC5 model simulated the lowest autumn, spring, summer, and winter temperatures during 1970-1999 while the inmcm4 model simulated the lowest autumn and spring temperatures during 2035-2064. In addition, the ISPL-CM5A-LR model simulated the wettest autumns and summers during 1970-1999 while the MIROC-ESM-CHEM model simulated the driest autumns and springs during 2035-2064. There was little variation in simulated seasonal wind speeds across all GCM's during 1970-1999; however, the MIROC-ESM-CHEM model simulated the lowest autumn, spring, and winter wind speeds during 2035-2064.
Soil and PM10 losses simulated by WEPS are projected to decrease in 2035-2064 compared to 1970-1999 (Table 4) . This reduction in soil and PM10 loss is significant (P ¼0.05) for all soils, tillage practices, and cropping systems at the three locations, except for conservation tillage in a WW-SF rotation at Lacrosse, WA. The decrease in soil loss ranges from 25% using conventional tillage in a WW-SF rotation at Lacrosse, WA to 84% using conservation tillage in a WW-SF rotation at Moro, OR. Similarly, the decrease in PM10 loss ranges from 30% using conventional tillage in a WW-SF rotation at Lacrosse, WA to nearly 82% using conservation tillage in a WW-SF rotation at Moro, OR. Soil and PM10 losses from the WW-Cam-SF rotation are comparable to losses from the WW-SF rotation subject to conventional tillage at Lind, WA. When conservation tillage practices are utilized in both the WW-Cam-SF and WW-SF rotations, however, soil and PM10 losses are at least 25 and 40 times higher from the WW-Cam-SF rotation during respectively 1970-1999 and 2035-2064 . These results suggest that camelina or other oilseed crops introduced into the conventional WW-SF rotation in the low precipitation zone of the Columbia Plateau may have deleterious effects on soil erosion. Soil and PM10 losses for the WW-Cam-SF rotation in Table 4 is the cumulative over the three year rotation whereas losses for the WW-SF rotation are the cumulative over the two year rotation. Despite accounting for the difference in length of each rotation, average annual soil and PM10 losses remain higher for the WW-Cam-SF rotation than the WW-SF rotation. In fact, average annual soil and PM10 losses are at least 15 and 25 times higher from the WWCam-SF rotation than the WW-SF rotation during respectively 1970-1999 and 2035-2064 . This concurs with Sharratt and Schillinger (2014) who found that sediment and PM10 flux were at least 200% higher after sowing wheat in the WW-Cam-SF rotation than the WW-SF rotation. Thus, the results suggest the need for even more stringent conservation practices than those implemented in this study when introducing camelina into WW-SF rotations to reduce the risk of wind erosion in the region.
The impact of climate change on wind erosion was also examined assuming no change in crop biomass production between 1970-1999 and 2035-2064. Assuming biomass production of winter wheat and camelina does not change over time, soil and The impact of climate change on wind erosion, driven in part by changes in crop production, is projected to be more apparent at drier than at wetter locations in the Columbia Plateau. For example, the reduction in soil loss using conventional tillage in a WW-SF rotation is projected to be about 72% at Lind, WA; 64% at Moro, OR; and 25% at Lacrosse, WA while the reduction in PM10 loss using conventional tillage in a WW-SF rotation is projected to be about 74% at Lind, WA; 65% at Moro, OR (i.e. low precipitation zone); and 31% at Lacrosse, WA (i.e. intermediate precipitation zone). Similar reductions in soil and PM10 losses were found at the respective locations using conservation tillage in a WW-SF rotation. The larger reduction in soil and PM10 loss from 1970-1999 to 2035-2064 at drier locations is likely due to the influence of biomass production on wind erosion processes. Although crop yield is projected to increase by 20% across the Columbia Plateau (Stöckle et al., 2009; Thomson et al., 2002) , this projected increase may have a larger impact on wind erosion at locations with lower biomass production as wind erosion varies exponentially with crop residue biomass. For example, Hagen (1996) observed an exponential increase in wind erosion as crop residue cover decreased from about 50-0%. Bilbro and Fryrear (1994) 1970-1999 2035-2064 1970-1999 2035-2064 1970-1999 2035-2064 Ritzville  30,257  4743  8756  1180  1490  237  400  55  Shano  29,867  4707  8229  1197  1472  236  376  55  Conservation  Ritzville  1042  212  233  123  49  10  10  3  Shano  996  209  222  118  47  10  10  3  WW-Cam-SF  Conservation  Ritzville  26,621  5782  9572  1441  1314  286  434  66  Shano  26,323  5806  9813  1449  1298  286  446  67  Moro  WW-SF  Conventional  Walla Walla  16,455  3011  5799  941  479  87  160  27  Condon  8624  1355  3224  580  232  37  84  15  Conservation  Walla Walla  388  115  62  15  11  3  2  1  Condon  228  50  63  15  7  1  2  1 a WW-SF is winter wheat-summer fallow and WW-Cam-SF is winter wheat-camelina-summer fallow. b Loss of soil and PM10 over the two or three year rotation. c SE is standard error of mean across years with annual soil and PM10 loss determined from an ensemble of 18 Global Climate Models.
and Fryrear
(1985) also reported higher soil loss occurring with lower surface residue cover. Thus, a small incremental change in biomass production, and therefore biomass cover, will have a larger influence on wind erosion at locations with lower crop yield. The reduction in soil and PM10 loss is projected to be more apparent for conservation tillage practices in the future. For example, the reduction in soil and PM10 loss from 1970-1999 to 2035-2064 was greater for conservation tillage than conventional tillage in the WW-SF rotation at the three locations (Table 4 ). The reduction in soil loss from 1970-1999 to 2035-2064 for conservation and conventional tillage in a WW-SF rotation is projected to be respectively 29% and 26% at Lacrosse, WA; 78% and 72% at Lind, WA; and 78% and 64% at Moro, OR. Similarly, the reduction in PM10 loss from 1970-1999 to 2035-2064 for conservation and conventional tillage in a WW-SF rotation is projected to be respectively 33% and 30% at Lacrosse, WA; 79% and 74% at Lind, WA; and 77% and 65% at Moro, OR. The greater reduction in soil and PM10 loss using conservation tillage may be associated with the enhanced biomass production under a warmer and wetter climate and retention of crop residue on the soil surface using conservation tillage. Although a warmer and wetter climate overall should result in greater residue decomposition, the summers in 2035-2064 are projected to be drier than 1970-1999 which would result in less residue decomposition during that period. Sharratt et al. (2012) noted tillage intensity during summer fallow greatly influenced residue retention on the soil surface. Indeed, they found reduced tillage retained at least twice as much residue on the surface compared with conventional tillage at the end of the fallow phase of a WW-SF rotation in the Columbia Plateau.
Soil and PM10 losses simulated by WEPS are more variable across climates generated by the 18 GCM's during 2035-2064 than 1970-1999 . The variation in soil loss simulated by WEPS across climates generated by the GCM's during 1970-1999 and 2035-2064 is illustrated in Fig. 5 for a WW-SF rotation on Ritzville silt loam subject to conventional tillage practices at Lind, WA.
Although the absolute variation (expressed as standard error or SE) in simulated soil and PM10 loss was typically greater across climates generated by the GCM's during 1970-1999 than 2035-2064 at the three locations, the relative variation (expressed as coefficient of variation or CV) in soil and PM10 loss was typically greater across climates generated by the GCM's during 2035-2064 than 1970-1999 . For example, the SE in soil and PM10 losses simulated by WEPS was greater during 1970-1999 than 2035-2064 , except for the WW-SF rotation using conventional tillage at Lacrosse, WA. At Lacrosse, the SE in soil loss simulated by WEPS across climates generated by the GCM's was 2505 kg ha 1970-1999 and 2035-2064 were greatest based upon climate projections from MRI-CGCM3 or MIROC5 and typically smallest based upon climate projections from bcc-csm1-1, bcc-csm1-1-m, or IPSL-CM5A-MR. At Lind, WA, soil and PM10 losses from conservation and conventional tillage during 1970--1999 were typically greatest and smallest based upon climate projections from respectively MRI-CGCM3 and MIROC-ESM-CHEM (Fig. 5) . Soil and PM10 losses from conservation and conventional tillage during 2035-2064, however, were typically greatest and smallest based upon climate projections from respectively IPSL-CM5A-MR and MIROC-ESM (Fig. 5) . At Moro, OR, soil and PM10 losses from conservation and conventional tillage during 1970-1999 were typically greatest and smallest based upon climate projections from respectively MRI-CGCM3 and HadGEM2-CC365. Soil and PM10 losses from conservation and conventional tillage during 2035-2064, however, were typically greatest and smallest based upon climate projections from respectively bcc-csm1-1-m and IPSL-CM5B-LR. While tillage (conservation versus conventional) and time (1970-1999 versus 2035-2064) influenced the ranking in soil and PM10 losses associated with climate projections of the 18 GCM's, the ranking in soil and PM10 loss simulated by WEPS based upon the climate projections from the GCM's did not vary for the two soil types at Lind, WA or Moro, OR.
Trends in annual soil loss for a WW-SF rotation at the three locations during 1970-1999 and 2035-2064 are presented in Fig. 6 . Annual soil loss portrayed in Fig. 6 is an average and range of WEPS simulations performed using climate projections from each of the 18 GCM's. The trends represent soil loss during the summer fallow phase of the rotation with each phase of the rotation simulated by WEPS every year. No soil loss was simulated by WEPS during the wheat phase of the rotation. The upper and lower range in annual soil loss among the WEPS simulations using climate projections from the 18 GCM's is not always apparent in Fig. 6 . Nevertheless, the lower range in annual soil loss was 0 kg ha À 1 across all locations, tillage practices, and years except for conventional tillage during 1970-1999 and 2035-2064 1970-1999 and 290% during 2035-2064 while the CV in soil loss for conservation tillage on Shano silt loam was 115% during 1970-1999 and 292% during 2035-2064 . The small and inconsistent difference in the CV in soil loss between 1970-1999 and 2035-2064 suggest similarity in climate extremes which govern extreme wind erosion events. These extreme events would outweigh smaller wind erosion events for an ensemble of WEPS simulations performed using climate data from each of the 18 GCM's during 1970-1999 and 2035-2064 .
Conclusions
Soil and PM10 loss associated with wind erosion was simulated by WEPS for a changing climate in the Columbia Plateau of the Pacific Northwest United States where windblown dust originating from agricultural lands contributes to poor air quality. Climate projections for an ensemble of 18 GCM's suggest that the climate will be wetter and warmer during 2035-2064 than 1970-1999 . Based on current and future grain yield and climate at three locations, soil and PM10 losses will likely decrease by 25-84% during 2035-2064. The reduction in soil and PM10 losses may be due in part to higher grain yield and related biomass projected during 2035-2064. Soil and PM10 losses were greater from a WW-Cam-SF rotation than WW-SF rotation when conservation tillage practices are employed during the fallow phase of the rotations.
Despite accounting for differences in the length of each rotation, average annual soil and PM10 losses remain higher for the WWCam-SF rotation than the WW-SF rotation. Thus, stringent conservation practices may be required when introducing camelina into WW-SF rotations to reduce the risk of wind erosion in the region. Although the SE in annual soil and PM10 losses simulated by WEPS was greater during 1970-1999, the comparable CV in annual soil and PM10 losses suggest a similarity in climate extremes during 1970-1999 and 2035-2064. The reduction in soil loss during 2035-2064 as compared to 1970-1999 is likely associated with changes in both climate and surface characteristics that influence wind erosion processes. While enhanced biomass production may offer greater protection to the soil from wind erosion, a reduction in wind speed could also decrease the potential for wind erosion during 2035-2064. This uncertainty and complexity of factors (e.g. climate, biology, and soil) that drive wind erosion requires further studies to identify the cause of the reduction in wind erosion during 2035-2064 as compared to the historical climate.
